ABSTRACT The immature embryos during seed development were examined to predict the suitable embryos for an efficient regeneration system. Five spring wheat genotypes and five winter wheat genotypes were tested using immature embryos as explants. Spring wheat genotypes showed much higher levels of plant regeneration than those of winter wheat genotypes. The highest frequencies of embryogenesis and regeneration were obtained when embryos at 13-14 days after anthesis (DAA) were used as explant and decreased using embryos at 21-22 DAA during seed development. Significant differences were also found for callus induction and regeneration as affected by immature embryo size. The regeneration efficiency was drastically decreased in spring and winter wheat genotypes when embryos larger than 2.0 mm of length were used. The optimum developmental stage and embryo length for regeneration efficiency were at 13-14 DAA and 1.0-1.5 mm, respectively. The selection of suitable embryos for the high frequencies of embryogenesis and regeneration leads us to efficient genetic improvement of wheat.
Recent development in genetic manipulation of plant cell has opened new possibilities in crop improvement. Genetic transformation of cereals largely depends on the ability of transformed tissues to proliferate and subsequently to regenerate into whole plants. The plant tissue culture provides innovative technique for the development of crop varieties having desirable traits.
The application of many biotechnological methods in wheat improvement involves the development of a reliable in vitro plant regeneration procedure in a range of genotypes in order to induce a successful genetic transformation. Genetic transformation of wheat has been achieved by using immature embryo-derived calli as explant tissue (Wu et al., 2003) . In general, the application of biotechnological techniques depends on the callus formation and the shoot regeneration capacity. Although immature embryos are widely recognized as the most suitable explants to regenerate wheat plants (Ozias-Akins and Vasil, 1982; Redway et al., 1990) , environmental conditions influencing the physical status of field grown donor plants from which embryos were collected could be a limiting factor of their quality. Embryogenic competence of immature wheat embryo is lower when donor plants are exposed to some kind of stress.There were several attempts to replace immature embryos with other explant sources.
Many elements affect wheat regeneration, such as explant source (Ozias-Akins and Vasil, 1982) , growth condition of donor plant, culture medium (Fennel et al., 1996) , and genotype (Sears and Deckard, 1982) , among which genotype is often the dominant one (Sahrawat et al., 2003) . It is commonly regarded that immature embryo (Maddock 1985; Moon et al., 2003) is the best explant source for tissue culture among all explants, including inflorescence (Sharma et al., 1995) , seeds (Gosch-Wackerle et al., 1979) , immature leaves (Zamora and Scott, 1983) , mature embryos (Ozias-Akins and Vasil, 1983) , and sliced mature embryo fragments (Kim et al., 2005) . The calli derived from alternative explants displayed a lower regeneration potential than those obtained from immature embryos, which are still a choice of different explants for establishing high regenerative wheat tissue.
We have a rather simple way to predict the outcome of tissue culture in advance, avoiding the need to test large number of genotypes at the tissue culture step, which is very expensive, laborious and time consuming. This study was conducted to predict the suitable embryos for an efficient 
MATERIALS AND METHODS

Plant materials
Ten genotypes of wheat, Milyang30, Sinjungjang, Sotaek, Jeokpijeok, Heongtaek, Jaseon1ho, Igagihu, Kiok27, Geumgangmil and Bobwhite, were used. The mature seeds of each genotype were measured for seed weight, embryo length and width. And thirty immature embryos of each genotype were isolated at 9-10, 13-14, 17-18 and 21-22 days after anthesis (DAA).
In vitro culture
Milk stage wheat kernels were harvested and stored in a refrigerator at 4℃ for 24 h. Individual immature caryopses were surface sterilized by washing in 70% EtOH for 1 min, rinsed with sterile water and then vigorous wash with 40% Clorox containing 2~3 drops of Tween 20 for 20 min. Subsequently grains were rinsed 3 times with sterile distilled water. The immature embryos were aseptically dissected from the sterile immature seeds with tweezers and scalpel under a dissecting microscope. The immature embryos of 0.5-2.0 mm in size were isolated and inoculated onto the induction medium in the dark at 25℃ with embryo scutellum facing up.
Callus induction and plant regeneration with immature embryos
Wheat immature embryos were cultured on the callus induction medium (Table 1 , CI) and the plates were incubated in the dark at 25℃. Calli were transferred at two weeks intervals to fresh induction medium. The callus induction frequency was assessed at 4-5 weeks after culture establishment. Embryogenic capacity was then assessed by counting the number of explants with embryogenic callus present (the percentage of forming calli / number of immature embryos plated). After 4-5 weeks of incubation, calli were transferred to regeneration medium (Table 1, RM). Regeneration plates were incubated under the16/8 h (light/dark) photoperiod at 25℃ for 2-3 weeks. Regeneration capacity was assessed as the number of callus producing shoots at the end of the 6-8 weeks of culture and referred as regeneration frequency. Data was analyzed via InStat (version 4, 2005) .
RESULTS AND DISCUSSION
Embryo size and seed weight of mature seeds
The embryo length and width from mature seeds of spring and winter wheat genotypes were measured (Table 2) . Milyang30, Jeokpijeok and Heongtaek had large embryo size and Geumgangmil and Jeokpijeok showed heavy seed weight. This appears that the embryo size and seed weight are not correlated with each other. Furthermore, immature embryo size of developing seeds did not show any significant difference in spring and winter wheat genotypes. Immature embryo length at 9-10, 13-14, 17-18 and 21-22 DAA was 0.5-1.0, 1.0-1.2, 1.2-1.5 and 1.5-2.0 mm, respectively. Several reports are signified the superiority of large seeds over small seeds with respect to germination rate, seedling emergence and growth (Lowe and Ries 1973; Aiken and Springer 1995; Smart and Moser 1999) .
Effects of age and size of immature embryos on callus induction
The percentages of embryogenic callus for each genotype on callus induction medium were summarized in Table 3 . In seeds between 9 and 10 DAA, embryos from most genotypes tended to form watery and creamy calli and callus capacity was lower than between 13 and 22 DAA. In general, two types of calli were observed between 2 and 3 weeks. Non-embryogenic calli were characterized by a soft watery texture and creamy color, whereas embryogenic calli were compact, white-yellow and nodular. Except for between 9 and 10 DAA, which produced non-embryogenic calli, all other developing seeds induced embryogenic calli. It was found that the best developmental stage for callus efficiency is between 13 to 18 DAA and most of genotypes in spring and winter wheat were significant differences (Table 3) . Especially, five genotypes, Milyang30, Geumgangmil, Bobwhite, Sotaek, and Jaseon1ho showed high levels of callus induction at 92%, 96%, 92.7%, 95%, and 92%, respectively, between 13 and 14 DAA. For spring wheat genotypes, the highest embryogenic capacity was obtained with immature embryo size between 1.0 and 1.5 mm, and decreased when embryo size was smaller than 1.0 mm and bigger than 1.5 mm. Only Kiok27 showed lower rate of embryogenesis than four spring genotypes.
Effects of age and size of immature embryos on regeneration
The regeneration frequency of spring and winter wheat varieties is indicated in Table 4 . Regeneration is also dependent on age and size of immature embryos in wheat varieties. For regeneration frequency from developing seed, Bobwhite was highest at 13-14 DAA (77.7%), whereas most of winter wheat genotypes was highest at 17-18 DAA except Sotaek (13-14 DAA; 67%). And regeneration efficiency was declined after 21 DAA for all genotypes, and differences between spring and winter wheat genotypes were not significant at 21-22 DAA. However, for the spring genotype, Milyang 30, the smallest embryos (0.5-1.0 mm) yielded the poorest regeneration, and for the winter wheat genotypes, Jeokpijeok and Heongtaek, the smallest embryos (0.5-1.0 mm) and the largest embryos (1.5-2.0 mm) gave the lowest regeneration frequencies. All size of embryos can be cultured successfully provided a minimum developmental stage has been reached, generally between 13 and 14 DAA, or about 1.0-1.5 mm in embryo length.
An efficient and reproducible procedure for the regeneration of plants from tissue culture is a prerequisite for the application of gene transfer methods in crop improvement. A routine in vitro regeneration system has recently become available in hexaploid wheat and applied in genetic transformation by the introduction of alien genes. However, current systems for maintaining and subsequently regenerating plants from callus in durums are limited (Özgen et al., 1996) . This study indicates that it is necessary for wheat immature embryos to reach a certain minimum age and size before they can be cultured successfully, in general at least 13 DAA and embryo length of at least 1.0 mm. However, different genotypes produce embryos of different sizes and develop at different rates so the optimal age and size is likely to vary with the spring and winter wheat genotypes.
The developmental stage and size of embryos affect the somatic embryogenesis in wheat. This suggests that the developmental state of wheat immature embryos is critical for efficient somatic embryogenesis. Wheat immature embryos from the spikes harvested at developmental stage I (<13 DAA), II (12-15 DAA), and III (15-17 DAA) were better than those harvested at stage IV (16-24 DAA) or V (>22 DAA) for the induction of embryogenic callus in common wheat genotypes (He et al., 1988) . In this experiment, the optimum developmental stage and embryo length for regeneration efficiency were at 13-14 DAA and 1.0-1.5 mm, respectively.
